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Packing of Lipids

A

. T
b
of Figure 2.4. Schemalic representations of
X g lipid-water phases: () lamellar gel; (b)
lamellar liquid crystalline; (c) hexago-
b nal type IL; (d) hexagonal type L. Various
o dimensions that can be measured by X-
Kot ray diffraction are indicated. Adapted
s ) . T from ref. 1334
P ok FU i
Dilauroy! ,?if Cerebroside Dimyristoy! Dimyristoy!
Phosphalidyl~ Phosphalidic Phosphatidyl —
ethanolamine  Dimyristoyl Acid glycerol

Phosphatidylcholin

Figure 2.1, Structures of five membrane lipids as determined by X-ray crystallography.
The three glycerol and sphingosine carbon backbone atoms have been colored black. Note
A, B, and C have a similar conformation for the glycerol or sphingosine moicty, whercas
D and E are each different. Adapted from references 604 and 636 (A); 1133 (B), 1125
(C), 594 (D) and 1126 (E). Figures kindly provided by Dr. L. Pascher.

Figure 2.3. Schematic showing packing adaptations 10
differences in the cross-sectional areas of the polar
group and the acyl chains (§ and X, in Figure 2.2).
These figures depict the behavior of phosphatidyletha-
nolamine and phosphatidylcholine. (A) Phosphatidyle
thanolamine in a crystal, where the space requirements
of the headgroup and the two acyl chains are the sam
(B) Phosphatidylethanolamine in a liquid crystalline
lamellar phase, where the area per molecule requires
that the headgroup lattice be disrupted. This will occur
only if water or other polar molecules can bridge the
gap between lipid neighbors and stabilize the structure.
in a hypothetical arrangement
illustrating that the space required by the headgroup (50
?) is substantially larger than required by the acyl
chains (38 A?). This requires some packing adjustment.
(D) One adjustment of phosphatidylcholine observed in
crystals is for the headgroups to be displaced in an
overlapping fushion. (E) An adjustment obscrved in the
Jamellar gel phase of phosphatidylcholine is for the
chains to be tilied such that they accommodate a larger
cross-sectional area (50 A%). (F) In the lamel

Har liquid
crystalline phase, the size of the headgroup of phosphati-
dylcholine does not require the headgroup lattice to be
disrupted. Adapted from ref. 604
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Figure 2.18. Polymorphic phases, molecular shapes, and the critical packing parameter
for some membrane lipids. Adapted from ref. 263. Drawing kindly provided by Dr. P.

Cullis and Dr. M. Hope.
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X-ray Diffraction of Lipid Bilayers &
Biological Membranes
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Figure 2.22. Electron density profile of a hydrated bilayer of egg phosphatidylcholine and
cholesterol derived from X-ray diffraction analysis. A molecular model consistent with

the data s also shown. Adapted from ref. 461, L Exramnat
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Figure 2.19. (A) Differential scanning calorimetry profiles of three phospholipids. Adapted
from ref. 112. Reprinted with permission from “Apparent Molar Heat Capacities of
Phospholipids in Aqueous Dispersion,” by A. Blume, Biochemistry 22, pp. 5437-5438,
Copyright 1983, American Chemical Society.(B) Schematic showing the molecular

of and as a function of

Figure 5.3. The effects of the rate of molecular rotation on the ESR spectrum of a nitroxide
spin probe. These first derivative specira were obtained by changing the temperature and,
hence, the viscosity of the medium. Adapted from ref. 182.

temperature. Adapted from ref. 112




Lipid Rafts - one example of membrane mosaicism
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Patches of less fluid membrane enriched in

sphingolipids & cholesterol
Detergent-insoluble

Less dense than bulk membrane

TEM - osmium tetroxide stain

Freeze Fracture =p>

% 3
PR & 5
This micrograph (x 400,000) illustrates portions of the plasma  phospholipid leaflets and are termed the cxoplasmic (EL) ané

membranes of two closely opposed cells. Membranes have  tri-  cytoplasmic (CL) leaflets of the plasma membrane. The ex
aminar structure in_transmission clectron micrographs. Each  oplasmic (extracellular) leaflets contact the extracellular space (+
membrane consists of two parallel clectron-dense lines separated  and the cytoplasmic leaflets contact the cytosol. The thickness o
5y a lighter central zone. The electron-dense lines represent the  the plasma membranc is about 10 nm.

IMPs - intramembranous
particles - integral membrane
proteins




Integral membrane Peripheral and Integral

proteins - only dissolved Membrane Proteins
and handled in detergent
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Protein Folding in Membranes

Inside of membrane is hydrophobic

Residues contacting lipid side chains need to be hydrophobic

There is an energy cost associated with introducing charged
or hydrophilic residues into the hydrophobic bilayer.

On balance AG must be < 0 7
Free energy balance sheet - some examples
20 x F residues ~ 30 kcal/mole GAIN II
Ion pair ~ 10-15 kcal/mole

Hydroxyl group ~ 4 kcal/mole

One unsatisfied Hbond ~ 5 kcal/mole
Therefore - a 3-4 residue turn ~ 15-20 kcal/mole

Ionized group ~ 25-40 kcal/mole ' IIII..I_




Protein Folding in Membranes

o-helix 3.6 residues per turn, 1.5 A/residue
20-22 residues to cross membrane
H-bonds satisfied within one helix
Often a hydrophobic stretch

B-sheet 2 residues per turn, 3.3 A/residue
7-9 residues to cross membrane
H-bonds only satisfied in multiple strands
Rarely detectable as a hydrophobic stretch

Transmembrane segments
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Membrane Proteins

A. Glycophorin B. Bacteriorhodopsin C. Porin
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BACTERIAL RHODOPSIN

Cytoplasmic

g N & Side

My

AP’B}W VREr views

N-terminus
Extracellular

X-ray structure

EM structure

tetramer -

top view
monomer - tetramer -
side view side view

AQUAPORIN

Murata et al Nature 2000




Cyanobacterial Photosystem I

Bacterial porins

Fig. 1. Stereo view of the chain fold of one subunit of the porin of Rhodobacter capsulatus as drawn witl
the program RIBBON (31). Indicated are B strands (arrows) and « helices. The view is approximatel
from the threefold axis. The amino and carboxyl termini are adjacent and at the front side. The larg
loop between strands B5 and B6 lining the inside of the 16-stranded B barrel forms the solute siz
defining eyelet of the pore. Clearly visible is the smooth-rimmed bottom end of the barrel, which face
the periplasm, and the rugged top end, which faces the external medium (29, 30).




Nicotinic Acetylcholine Receptor

Structure determined by electron
Crystallography to 4A resolution

Miyazawa, Fujiyoshi & Unwin
Nature 423: 949-955 (2003)

Unwin, J.Mol.Biol. 346:967-989 (2005)

Each subunit contributes an a-helix
to the pore and three to the surround

Extracellular domain is homologous
with an acetylcholine-binding
protein from a snail

B. Averaged structure

8 p

E oy
A,
Beb

4

F. Channel activation
and ion pathways
ACh*
Na* *

CYTOPLASM

Nicotinic Acetylcholine Receptor

Structure determined by electron
Crystallography to 4A resolution

Miyazawa, Fujiyoshi & Unwin
Nature 423: 949-955 (2003)

Unwin, J.Mol.Biol. 346:967-989 (2005)

Binding of ACh
causes 15° rotation

and opens gate in
middle of membrane

upen

10



Topography

: M ‘ @ Maybe the

J translocon

makes this
determination?
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Figure 3. 4) Hydrophobicity plot for the LasY (permease) protein,
with upper and lower thresholds defined. A tentative frans-
membrane segment with a mean hydrophobicity between the two
thresholds is marked with an arrow. B) Two possible topographies
for the LaY protein based on the plot in (A), with tentative (rans-
membrane segment in black. The number of (Arg + Lys) residues
at each peripheral region is shown. The experimentally correct al-
ternative (bottom) has a larger positive charge bias.

“Positive-inside” rule
Nilsson and von Heijne
Cell 62:1135-1141 (1990)
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Testing TransmembraneTopography

Proteolysis

Antibodies

Surface Labeling

Topography of G-protein-linked Receptors

Surface Labeling Reagents

0
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activation to
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7 \z
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(sulfo)NHS-BIOTIN

Diazotized Iodo-sulfanilic acid

Diisothiocyanostilbene-2,2’ disulfonate
(DIDS)

Trifluoro methyl-3 iodoaryldiazirine
(»I-TID)
hydrophobic, membrane soluble
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Testing TransmembraneTopography

v HR 4 & HRr
HRY oy HA3 HR 5 HR 8 HR'9

How to test if it is correct: e.g.
HR1-PRL f

HRZ-PRL  ————— i — - NSRS
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g 314516 |7]8]|a9
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= Hydrophoblc Reglon  FRYRTESAENESS] Prolactin (82.229)
@ NCT/NGS/NaT M HA tag

[LU3ETI

Lehmann et al

JBC 272:12047-51 (1997)
Evidence for a six transmembrane ‘
domain structure of presenilin 1 . »;Z/'

Cytopdazm

Lipid Modifications of Membrane Proteins #1

A. Phosphatidyl inositol glycan (PIG-tailed, PI-linked)

. Attached near C-terminus - signalled by a short hydrophobic stretch which is removed.
. Linkage is via ethanolamine to carboxyl terminus-amide bond; irreversible
. Anchors external membrane proteins in external leaflet via two acyl chains.
. Connection can be cleaved by PI-specific phospholipase C.
. This is only known external connection - others provide insertion into internal leaflet.
E (9(e)
M [\‘J P
de s @‘ (nosilol- 9 [W - thuiolxmiu
fj}. (ALEE

B. Myristoylation
. 14C fatty acid (myristate) attached via amide bond to N-terminal glycine.

. There is a recognition sequence internal to N-terminal glycine.
. Amide linkage is irreversible.
. Confers some affinity for membranes
(~8kcal/mole, equivalent to inserting 10 CH, in the hydrophobic base Kd = 104 M).
. This is insufficient for efficient membrane localization.

. Myristoylation is usually coupled with other elements conferring membrane-binding
eg, basic amino acids or palmitoylation.

S on
/VVV\/\MO\NH— gly - @
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Lipid Modifications of Membrane Proteins #2

C.

Palmitoylation

Attachment of 16C fatty acid (palmitate) to cysteine residue via S-acyl linkage - reversible.

Often associated with irreversible modification (myristoylation or prenylation) at nearby residues.
Palmitoylation adds membrane-binding affinity.

. . -
/\/\/\/\/\/\/\/5\g - ey, —(Pes

Prenylation
Attachment of a prenyl group(isoprenoid) to a cysteine residue very near the C-terminus.
The C is located in the sequence CAAX (or variants thereof)
where X is any amino acid and A is a hydrophobic residue.
The AXX sequence is removed by proteolysis and the carboxyl of the cysteine is methylated.
The linkage is via a thioether (-CH-S-) bond and is irreversible.
Two prenyl groups are found: farnesyl (15C) or, more commonly, geranyl geranyl (20C)
attached by different prenyl transferases recognizing different CAAX sequences.
Prenylation is frequently associated with palmitoylation at nearby cysteines.

S\/\< \/\\(W( farnesyl (15C)

@ e o

co, Me /v\\(\/\\<\/\<\/\/ geranyl geranyl (20C)

Multiple ways for membrane proteins

to associate with the membrane

Lipid-linked ——
I

Peripheral - binding to
phospholipid head groups

E. Prostaglandin
U,j _symhase

Integral

- partially inserted +—— R
- single pass TM 74
— - multiple pass TM

Peripheral - binding to
integral proteins — |
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The not-so-fluid mosaic membrane

Many membrane @;%; k.
proteins occlude lipid =~

Many protein
oligomers

B8

o

= Bilayer thickness varies

Engelman DM (2005) Membranes are more mosaic than fluid. Nature 438:578-580.

Lateral Mobility of Membrane Proteins

Experiment #1 Initially fused
ir
human mouse

fusion
E =

Cells fixed and then
stained with Ab several hours
after incubations after fusion

Initial
Diffuse Experiment #2

Stain Patching Capping
»»é

Add Ab, incubate, then
fix and stain with second
antibody

15



Fluorescence Recovery after
Photobleaching (FRAP)
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Restrictions on Lateral Mobility of
Membrane Proteins

Single particle tracking and
optical tweezers reveal
restrictions on lateral
mobility of integral
membrane proteins.

’ Lateral transport modes on the cell surface. (A) Transient confinement by obstacle clusters (B) or
by the cytoskeleton, (C) directed motion, and (D) free random dilfusion.

SCIENCE » VOL. 268 * 9 JUNE 1995 1441-2

Revisiting the Fluid Mosaic Model
of Membranes

Ken Jacobson, Erin D. Sheets, Rudolf Simson

Submembrane cytoskeleton
of red blood cells

Protein CHO
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Dissection of the Erythrocyte Membrane

GO hypotonic shock
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Dissection of the Erythrocyte Membrane

Approximate

¥

Molecular copies
GHOSTS i i | | SKELETONS
- L] 240,000 200,000 .
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Ankyrin— [ = 2.1 200,000 - 100,000 = |
§2.2 i
23 i
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:
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Detergent extracts - Band 3, glycophorin - INTEGRAL
Low salt extracts - Spectrin (1,2) and actin (5) }

- PERIPHERAL
High salt extracts - ankyrin (2.1, 2.2) and band 4.1
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Spectrin

Ankyrin  Binding
4

17 repeats
f-Spectrin (Band 1) NHy[AEREZI T T T T T T T T T T T T T Tl

T X COOH

9 repeats 10 repeats
a-Spectrin  (Band 2) NHy<CL T T T T T T rmuu T T T T T T T MACOOH

M bincing n nonrythroid cets
1106 aa Repeats (other protein include dystrophin), 3 coiled helices, repeat 15 of f chain is novel
@S "EF hand"” Calcium binding domain

C-term of B-spectrin is A+B helices

Ny
.-_ 20 A N-term of o-spectrin is C helix
Dimeris i i
L AT Dimer in Crystals
50 A

interlocking helices
Proteolysis and GST-fusion proteins map ankyrin binding to repeat 15

Ankyrin  Binding Calmodulin  Binding
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400 A
actin 2000 A

Band 4.1

c-Actinin (actin binding dimer)
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Human mutations in spectrin, ankyrin and band 3 produce defective red cells

2-ply Organization of
Erythrocyte Membranes

B Spectrin o Spectin

Vertical Interaction

|
Tropomodulin
¥,

>

>
B3

Horizontal Interaction

Fig 1. Schematic model of the red cell membrane, with the vertical and horizontal interaction of its components indicated. Estimated [requenci
of mutations in dif 1t membrane proteins in HS and HE/HPP are as follows. Vertical interaction: hereditas 20
protein 4.2, ~ ankyrin, ~45 spectrin. ~30%. Horizontal interaction: heredita
~ 5% o spectrin, ~$0%; protein 4.1, ~15%. The relative position of the various protein:

pherocytosis: band 3
lliptocytosis/hereditary pyropoikilocytosis: 3 sp
s correct. but the proteins and lipids are not drawn to

Lux and Palek 1995 How relevant is this to other membranes?

19



Restrictions on Lateral Mobility of
Membrane Proteins in Other Cells

um T

lu“!.lyl

’ Lateral transport modes on the cell surface. (A) Transient confinement by obstacle clusters (B) or
by the cytoskeleton, (C) directed motion, and (D) free random dilfusion.

SCIENCE » VOL. 268 * 9 JUNE 1995 1441-2

Revisiting the Fluid Mosaic Model
of Membranes

Ken Jacobson, Erin D. Sheets, Rudolf Simson

EM analysis of submembranous cytoskeleton

Morone...Kusumi et al J. Cell Biol. 2006
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RHODOPSIN

cytoplasmic side

Mutations in Spectrin & other
Erythrocyte Membrane Proteins

Band 3 = Null mutation in HS

© Missense mutation in HS

© Null mutation in HE/HPP

Ankyrin © Missense mutation in HE/HPP
N— Membrane binding Spectrin bindin;
T T - 2 ol
H
B Spectrin
Actin/4. 1 binding
Nq' Spectrin repeats F C
R w O] L) 0 o
o Spectrin~ ©
EF hands
N Spectrin repeats &
3006 0G60g 0 g 5o v
383° 8°°8 [ w
39 S
3
3
3
3

Fi 2. Domain steucture of band 3, ankyrin. 3 spectein and e specisin, with postons of known mutations causing HS and HE/HPP indicated beneath cach protein

o spectrin

a A B spectrin

s ==ee = mg
spectrin

Actin/d.1 [k Ankyrin binding Self-association sitc SHY opectn Nucleat

EF b:
binding e

T Fig 3. Structure of the spectrin tetramer. showing the triple helical coiled-coil repeats of the spectrin peptides. the head-to-head spectrin self-association ailis, und tienucleation sites (UGt
T the side-to-side interaction between e and Bspectrin chains. @ @ s that initiate
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